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Hypotension with ventricular pacing has generally been
attributed to loss of atrial transport, but it has been
suggested that atrial vasodepressor reflexes may play a
role. To study this, constant rate atrial and ventricular
pacing was performed in 20 supine patients 24 to 36
hours after surgical coronary artery bypass or aortic
valve replacement. The pulmonary capillary wedge trac-
ing was examined for the presence or absence of cannon
A waves during ventricular pacing in each patient. Thir-
teen patients had cannon A waves (group I) and seven
did not (group II). Ten of the 13 patients with cannon
A waves had ventriculoatrial conduction compared with
only 2 of 7 patients without cannon A waves. There was
a nonsignificant trend toward an association between
cannon A waves and ventriculoatrial conduction (p =
0.1). Stroke volume index decreased in both groups when
patients were changed from atrial to ventricular pacing.
In the patients with cannon A waves, stroke volume
index decreased from 31.2 to 26.3 cc/min per m2 (p <
0.001) and from 31.2 to 25.0 cc/min per m2 (p < 0.001)
in those without cannon A waves (group I versus group
An abrupt decrease in arterial blood pressure with the onset
of ventricular pacing is recognized as one of the important
features of the pacemaker syndrome . Patients with the syn-
drome may have presyncope or syncope, as well as un-
pleasant pulsations in the neck or chest. Some patients with
severe manifestations of the pacemaker syndrome have been
reported to have large venous cannon A waves during ven-
tricular pacing. It has been postulated that these cannon A
waves elicit an atrial reflex that causes systemic hypotension
(1).
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II, p = NS). However, mean systemic blood pressure
decreased only in patients with cannon A waves (99.4 to
85.9 mm Hg [p < 0.001] versus 101.8 to 100.9 mm Hg
[p = NS]) in those without cannon A waves (group I
versus group II, p < 0.001). Hypotension in patients
with cannon A waves was caused by inhibition of the
normal reflex increase in systemic vascular resistance.
In these patients, systemic vascular resistance increased
only 5%, whereas in those without cannon A waves it
increased 23% (group I versus group II, p < 0.002).
It is concluded that hypotension with ventricular pac-
ing is primarily due to a vasodepressor reflex initiated
by left atrial cannon A waves. Although ventricular pac-
ing generally causes a decrease in stroke volume due to
loss of normal atrial transport, the induction of hypo-
tension requires the presence of left atrial cannon A
waves that inhibit normal vascular reflexes. These hemo-
dynamic consequences of ventricular pacing in suscep-
tible patients may be prevented by maintaining atrial
synchrony with atrial or dual chamber pacing.
The objective of this study was to define the hemody-
namic response to acute ventricular pacing in a patient group
unselected for pacemaker-induced symptoms. The relative
influence and interactions of atrial transport and cannon A
waves on arterial pressure and peripheral resistance were
examined to determine the mechanism of pacing-induced
hypotension .
Methods
Study patients. The patient group consisted of 20 pa-
tients who had undergone uncomplicated coronary bypass
grafting (n = 18) or aortic valve replacement (n = 2).
There were 16 men and 4 women whose ages ranged from
44 to 75 years (mean ± SD 61.6 + 7.5). Informed consent
was obtained preoperatively for the experimental protocol
approved by the Human Research Committee of the Cornell
Medical Center.
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Instrumentation. Surgery was performed using stan-
dard techniques including cold potassium cardioplegia and
topical and systemic hypothermia. At the time of operation,
a flow-directed thermodilution pulmonary artery catheter
(Instrumentation Laboratories), a radial artery cannula and
temporary unipolar or bipolar right atrial and ventricular
epicardial pacing wires were inserted.
Protocol. Twenty-four to 36 hours after surgery, pa-
tients were studied while awake and extubated. No medi-
cations were administered during the course of the study.
Pacing was performed at a constant rate five beats above
the patient's baseline sinus rate. The paced rate was in-
creased further if competitive rhythms were noted, but rate
was held constant for atrial, ventricular and atrioventricular
(AV) sequential pacing. The AV delay during AV pacing
was adjusted for the longest interval consistent with a surface
electrocardiographic QRS complex that was similar to that
during ventricular pacing. Hemodynamic measurements were
made after at least 2 minutes in each pacing mode. This
period has been found (2-4) to be sufficient for stabilization
of hemodynamics. To confirm hemodynamic stability, a
second trial of atrial pacing was performed to conclude the
study.
Thermodilution cardiac output was measured in tripli-
cate. Recordings of the surface electrocardiogram, atrial
electrogram (nine patients), systemic arterial pressure, pul-
monary artery pressure and pulmonary capillary wedge phasic
pressure were made at a speed of 50 mm/s on a direct writing
recorder (Gould, model 2400) connected to the bedside
monitoring system (Electronics for Medicine, model IM-4).
Measurements. All pressure measurements were made
at end-expiration. Mean systemic and pulmonary artery
pressures were calculated from systolic and diastolic mea-
surements. Mean pulmonary capillary pressure was derived
from manual integration of the phasic tracings. Total sys-
temic and pulmonary vascular resistances were calculated
from standard formulas (5).
The pulmonary capillary wedge phasic pressure tracing
was examined to determine whether cannon A waves were
Table 1. Baseline Characteristics of 20 Patients
present during ventricular pacing. They were considered
present when new waves of at least 4 mm Hg pulse pressure
appeared when patients were switched from atrial to ven-
tricular pacing and they were judged present when they
accompanied every beat as in 1:1 ventriculoatrial (VA) con-
duction, or when they were intermittent as with second
degree retrograde block or atrioventricular (AV) dissocia-
tion. One patient's pulmonary catheter could not be wedged,
but new secondary waves were noted in the pulmonary
tracing and retrograde P waves appeared on the surface
electrocardiogram during ventricular pacing. Patients with
pulmonary capillary wedge cannon A waves during ven-
tricular pacing were placed in group I and those without
cannon A waves in group II.
Statistics. Intergroup comparisons were made using the
Student's unpaired t test, and intragroup comparisons were
made with the paired test. Fisher's exact test was used to
analyze the relation of VA conduction and cannon A waves.
Results
Cannon A waves. These were seen during ventricular
pacing in 13 patients (group I), 10 of whom had retrograde
(VA) conduction. The remaining three patients with cannon
A waves had AV dissociation during ventricular pacing.
Mean (± SD) cannon A wave pulse pressure was 10.1 ±
5.9 mm Hg.
Of the seven patients without cannon A waves (group II),
three had atrial electrograms performed. Of these, two pa-
tients had AV dissociation, and the third had 1:1 VA con-
duction during ventricular pacing. Three of the four re-
maining patients without cannon A waves had visible P
waves on the surface electrocardiogram. Two had AV dis-
sociation and one had I: 1 VA conduction during ventricular
pacing. There was a trend toward an association between
cannon A waves and VA conduction, but it did not reach
statistical significance (p = 0.1).
Baseline characteristics (Table 1). There was no sig-
nificant difference in age or sex distribution in groups I and
Group I Group II
(cannon A waves) (no cannon A waves) p Value
No. of patients 13 7
Age (yr)* 62.3 ± 8.5 60.1 ± 5.4 > 0.20
Male/female ratio 11/2 6/1
Mean BP (mm Hg) 99.4 ± 16.0 101.0 ± 15.9 > 0.50
(atrial pacing)*
SVI (cc/min per rrr') 31.2 ± 5.7 31.2 ± 5.8 > 0.50
(atrial pacing)*
pew (mm Hg) 12.4 ± 5.5 16.7 ± 6.8 > 0.10
(atrial pacing)*
*Values are expressed as mean values ± I standard deviation. BP = systemic blood pressure; pew =
pulmonary capillary wedge pressure; SVI = stroke volume index.
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Group II. No Cannon A Waves
Table 2. Atrial Versus Atrioventricular Sequenti al Pacing in
20 Patients
Values are expressed as mean values ± I standard deviation. AV =
atrioventricular; BP = systemic blood pressure; NS = not significant;
PCW = pulmonary capillary pressure; SVI = stroke volume index; TSVRI
= total systemic vascular resistance index.
Figure 1. Stroke volume index during atrial and ventricular pacing
in 20 patient s with and without cannon A waves. Bars represent
± I standard error of the mean . n.s. = not significant.
Discussion
Treatment of symptomatic bradyarrhythmias with ven-
tricular pacing has made an enormous impact on the quality
of life and longevity for countless patients. Although the
condition of most patients improves with this therapy, many
develop the pacemaker syndrome, whose signs and symp-
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arterial pressure: 101.8 ± 6.0 to 100.9 ± 6.7 mm Hg
(p = NS). The difference in the hypotensive responses
between the two groups was highly significant (p < 0.001).
(Fig. 2).
The peripheral vascular response to ventricular pacing
was also discordant between the two groups (Fig. 3). Pa-
tients without cannon A waves (group II) increased their
total systemic vascular resistance by an average of 22.8%
(from 3,090 ± 494 to 3,742 ± 511 dynes-s-cmA m"),
presumably in response to the decrease in stroke volume
caused by ventricular pacing. In comparison, the increase
in total systemic vascular resistance with ventricular pacing
in patients with cannon A waves (group I) was only 4.9%
(2,685 ± 147 to 2,819 ± 173 dynes-s-cmArrr ' ). Patients
with cannon A waves (group I), therefore, had a peripheral
vascular response to ventricular pacing that was less than
one-fourth of that in patients without cannon A waves
(p < 0.002).
Mean pulmonary artery pressure and pulmonary vas-
cular resistance increased similarly in the two groups during
ventricular pacing (Fig. 3). The average increase in mean
(± SD) pulmonary capillary wedge pressure was 5.1 ±
3.8 mm Hg in patients with (p < 0.001) and 4.0 ± 1.7
mm Hg (p < 0.002) in patients without cannon A waves.
AV Pacing p Value
12.4 ± 5.5 14.7 ± 6.0 < 0.005
Atrial Pacing
31.2 ± 5.7 31.8 ± 5.8 NS
99.4 ± 16.0 99.5 ± 15.7 NS
2,686 ± 532 2,659 ± 523 NS
Group I. Cannon A Waves
SVI (cc/min per rrr' ) 31.2 ± 5.8 32.4 ± 5.1 NS
Mean arterial 101.8 ± 15.9 105.5 ± 17.3 NS
BP (mm Hg)
Mean PeW 16.6 ± 6.8 16.0 ± 6.9 NS
(mm Hg)
TSVRI 3,090 ± 1,306 3,002 ± 954 NS
(dynes-s-cm - ~ ' m2)
SVI (cc/min per m2)
Mean arterial
BP (mm Hg)
Mean PeW
(mm Hg)
TSVRI
(dynes-s-cm- ~ ' m2)
II. During atrial pacing, both groups had a similar stroke
volume index and mean arterial pressure. Mean pulmonary
capillary wedge pressure was somewhat greater in patients
without (group II) than in those with (group I) cannon A
waves, but the difference was not statistically significant.
Of the two patients with aortic stenosis, one was in group
I and the other was in group II.
Atrial versus AV pacing. Hemodynamic measurements
during atrial and AV pacing were not significantly different
for either group, with the exception of a 2.3 mm Hg dif-
ference in pulmonary capillary wedge pressure in group I
patients (Table 2). Because of the close similarity in hemo-
dynamics in these two pacing modes, analysis of ventricular
pacing was made with respect to atrial pacing.
Stroke volume index. The index decreased significantly
during ventricular pacing compared with that during atrial
pacing in both groups (Fig. I) . In patients with cannon A
waves (group I) , stroke volume index (± SEM) decreased
from 31.2 ± 1.6 to 26.3 ± 1.3 cc/rninper rrr' {p < 0.001).
The decrease in stroke volume index was slightly greater in
patients without cannon A waves (group II): 31.2 ± 2.2 to
25.0 ± 1.4 cc/min per m2 (p < 0.001), but the difference
between the two groups was not statistically significant.
Effect of cannon A waves on blood pressure and vas-
cular resistance. Patients with cannon A waves (group I)
had an average decrease of 13.5 mm Hg in mean arterial
pressure during ventricular pacing from 99.4 ± 4.4
( ± SEM) to 85.9 ± 3.8 mm Hg (p < 0.001). Patients
without cannon A waves had no significant decrease in mean
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Figure 2. Meanarterial pressure during atrial andventricular pac-
ingin 20patients withandwithout cannon Awaves. Bars represent
± 1 standard error of the mean.
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Despite the nearly universal decrease in stroke volume
with ventricular pacing, the systemic blood pressure re-
sponse is, as confirmed in this study, considerably more
heterogeneous. Although pacing-induced hypotension has
most often been attributed to the decrease in stroke volume
(6), published studies have not correlated the decrease in
stroke volume with the decrease in blood pressure, Alicandri
et a1. (I) and Erbel (18) suggested an association between
right atrial cannon A waves and symptomatic hypotension
during ventricular pacing. Lewis et a1. (19) found an in-
appropriate paradoxical decrease in systemic vascular re-
sistance in a patient during ventricular pacing despite a
Figure 3. Systemic vascular resistance index during atrial and
ventricular pacingin 20patients withandwithout cannon A waves.
Bars represent ± 1 standard error of the mean.
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toms may include hypotension, faintness, syncope, fatigue
and distressing pulsations in the neck and chest. The purpose
of this study was to evaluate the determinants of the hy-
potensive response to ventricular pacing.
OUf results indicate that although stroke volume de-
creases with ventricular pacing in most patients, a hypo-
tensive response is not necessarily related to this decrease.
We found that hypotension occurs primarily in patients with
left atrial cannon A waves during ventricular pacing. Those
patients without cannon A waves compensate for a decrease
in stroke volume with an increase in systemic vascular re-
sistance that is sufficient to prevent a decrease in arterial
pressure. In contrast, those with cannon A waves mount a
systemic vascular response that is less than one-fourth of
that in patients without cannon A waves, resulting in a
significant decrease in blood pressure.
Proposed mechanisms of pacing-induced hypoten-
sion. Blood pressure is dependent on heart rate, stroke vol-
ume and systemic vascular resistance. Ventricular pacing is
well known to cause a decrease in stroke volume in normal
subjects (6), patients with cardiac disease (II) and patients
soon after heart surgery (3,7-9). Several mechanisms have
been proposed to explain the decrease in stroke volume
including: 1) loss of the atrial transport function (2,10,11);
2) mural regurgitation induced by disordered closure of the
AV valves (12,13); and 3) disordered depolarization of the
venn icle by endocardial stimulation (14,15). The first mech-
anism is well accepted, while the latter two are of uncertain
importance (12,16,17).'
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decrease in cardiac output, resulting in severe symptomatic
hypotension. A prospective bedside study by Nishimura et
al. (20) found an association between VA conduction de-
tected on the surface electrocardiogram and a hypotensive
response to ventricular pacing.
Cannon A waves, VA conduction and pacing-induced
hypotension. Our study extends previous observations by
prospectively evaluating the peripheral vascular responses
to ventricular pacing in a group of patients unselected for
pacing-induced symptoms. The common denominator in our
patients with ventricular pacing-induced hypotension ap-
peared to be the presence of left atrial cannon A waves.
Most of our patients with cannon A waves had VA con-
duction during ventricular pacing, but several had AV dis-
sociation. Furthermore, two patients with VA conduction
had no cannon A waves. Thus, VA conduction during ven-
tricular pacing is neither a necessary nor a sufficient con-
dition for the production of cannon A waves. The apparent
dissociation between right atrial electrical depolarization and
cannon A waves suggests the possibility that some patients
have impaired left atrial contractile function. Because all of
our patients had coronary artery disease, left atrial ischemic
disease may explain an apparent electromechanical disso-
ciation in some patients. High left atrial or pulmonary ve-
nous compliance, however, could also diminish transmis-
sion of a left atrial pressure pulse to the wedged pulmonary
catheter tip. Alternately, it is possible that the systolic waves
seen during ventricular pacing may be due to mitral regur-
gitation caused by disordered mitral valve closure induced
by improperly timed atrial contraction.
Atrialreflexmechanisms. The notion that the atria may
be a site of reflex activity is supported by several animal
studies (21-24). Atrial neuroreceptors sensitive to systolic
wall tension are found in the cat (21). The discharge rate
from these receptors is maximal during the near isovolumic
contraction against closed AV valves that is seen with can-
non A waves. Stimulation of atrial receptors in dogs by
intraatrial balloon distension results in increased urinary
flow, increased heart rate and transient decrease in periph-
eral resistance (22,23). Some of these effects are mediated
neurally, but there is also some evidence (24) for a humoral
mechanism mediated by peptides called cardionatrins which
are present in the atria.
Clinical implications. Ventricular pacing has been called
"nonphysiologic" because of the loss of appropriate atrial
synchrony and reduction of cardiac output at rest and during
exercise. It has not been recognized, however, that ven-
tricular pacing-induced hypotension in unselected patients
is related to a capability for generating left atrial cannon A
waves. Patients who do not develop cannon A waves are
apparently not at risk for ventricular pacing-induced hy-
potension. We did not evaluate patients for symptoms as-
sociated with the pacemaker syndrome and were unable to
evaluate the additional hemodynamic changes that may have
been induced by upright posture. Nevertheless, our results
suggest that in susceptible patients, ventricular pacing not
only causes a decrease in stroke volume, but also inhibits
appropriate peripheral vascular responses, which results in
pacing-induced hypotension. Dual chamber or atrial pacing
may, therefore, be preferable to ventricular pacing in these
patients.
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